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Abstract: The design and fabrication process for a high performance manipulation stage for nanometer 
resolution TEM sample positioning over a 20 ȝm range is presented. A two level, planar stage is moved in three 
translational and three rotational directions by just two types of actuators; three horizontal and three vertical 
combdrives. The vertical combdrives are suspended by optimally designed torsion-beams, improving lateral 
stiffness by at least a factor of 50 compared to rectangular beams, hence minimizing the chance of electrostatic 
side pull-in.  
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INTRODUCTION 
A manipulation stage with 20 ȝm strokes (x,y,z) for 
six degrees of freedom (DOF) positioning of 
micron-sized samples in a Transmission Electron 
Microscope (TEM) is presented. This is a 
characteristic application where multi DOF MEMS 
manipulators are beneficial. Due to its small size a 
MEMS device suffers far less from thermal drift 
than a macroscopic manipulator. The typical high 
frequent dynamics of MEMS devices allows perfect 
transfer of TEM column vibrations without 
attenuation or phase delay, thus the stage position 
exactly follows the spot of the electron beam. 
Furthermore, a small stage allows for a smaller 
spacing between the TEM lens poles, enabling 
larger manipulation strokes combined with 
increased magnification. Typical MEMS mani-
pulation stages are limited to three DOF [1,2], while 
design is often not optimal for precision and 
stability. In the following sections a two frames 
manipulation concept, relying on in-plane and out-
of-plane actuators only, is analyzed, followed by a 
design and process flow for a combdrive 
suspended by torsion beams optimized for lateral 
stiffness. 
 
MANIPULATION CONCEPTS 
Two possible kinematic concepts are shown in Fig 
1. Both concepts consist of two frames manipulated 
either in-plane (x,y,Rz) or out-of-plane (Rx,Ry,z). In 
concept a) the outer frame is manipulated in-plane 
and the inner frame out-of-plane. For b) the 
situation is reversed. The frame for in-plane 
manipulation is driven by struts able to change in 
length. Circles at the ends of the struts represent 
conceptual line-hinges. In reality the struts will be 
flexures so hinges will not be needed. The 
connection between actuators and frame in the out-
of-plane case will also be by flexures. The concept 
of stacking in-plane and out-of-plane manipulation 
is beneficial with respect to planar design, offering 
reduced complexity, when compared to serial 
kinematics. Just two types of actuators are needed; 
horizontal for in-plane and vertical for out-of-plane. 
Furthermore, design of electrical interconnects is 
easier.  
To develop insight in the two concepts 
shown in Fig 1, a linear (first order) model of the 
kinematics is derived. Fig 2 shows schemes of the 
equilateral triangular frames for in-plane I. and for 
out-of-plane II. movement. For mechanism I. the 
orientation of tangential direction for the actuator 
strokes is chosen with s1 along the x-axes. 
Tangential actuation is not necessary, but is 
chosen for largest transmission of stroke to Rz and 
for modelling simplicity. Since both frames move in 
a parallel kinemetic mechanism, the strokes si do 
not (necessarily) correspond to orthogonal 
coordinates (x,y,Rz) and (Rx,Ry,z). To find the 
correspondence, use is made of reverse 
kinematics. A displacement of point Pi along the 
coordinates is assumed and the strokes are 
calculated. Likewise, the transformation matrixes 
are derived and can be used in the following 
formula (with S the stroke vector and X the 
manipulator position vector): 
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Fig. 2.Schemes of frames for in-plane (I) and out-of- 
plane movement (II). 
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Fig. 1.Six DOF manipulation concepts, a) outer frame 
for (x,y,Rz) inner frame for (Rx,Ry,z), b) the other way 
around. Vertical actuation is shown with arrow-heads 
and -tails, normal to the drawing-plane. 
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The inverse of the transformation matrixes give the 
relations between the movements along 
coordinates X and the strokes S: 
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These transformations are for the individual frames. 
If one is stacked on the other, an extra 
transformation matrix between points PI and PII 
needs to be derived. Furthermore, it should be 
stressed that the transformation matrixes are only 
valid in point Pi. However, since in the MEMS 
devices bending flexures are used in stead of line 
and ball-hinges, strokes are limited and very small 
compared to the device dimensions. Therefore this 
linearization serves well enough to characterize the 
behavior of the manipulator. Clearly the size of the 
triangular frame determines the achievable 
rotations to large extend. Considering equal 
strokes, it matters much for the desired rotations Rz 
and Rx, Ry which frame will be the outer frame in 
Fig 1. Another consideration is to have Rx and Ry 
tilt in the outer frame, so moving along x and y 
does not need to be followed by a correction in the 
z-direction. 
DESIGN 
When designing for elastic precision mechanisms it 
is crucial to prevent stress accumulation due to e.g. 
a thermal gradient. Therefore it is very important, 
that every DOF of the system is constrained just 
once. For instance, this is obeyed in the concepts 
of Fig 1 since for six DOF there are six actuators 
controlling completely independent directions of 
movement. Furthermore the device will consist 
mainly of single crystal bulk Si, minimizing intrinsic 
stresses due to processing. 
 For the presented manipulator two kinds of 
actuators are necessary; one for horizontal 
actuation and one for vertical actuation. Comb-
drives are chosen, since options like thermal and 
piezo-electric actuation have disadvantages 
concerning thermal stability (nm resolution) and 
processing freedom, respectively. While horizontal 
combdrives are nothing new to MEMS [3], vertical 
combdrives remain a challenge [2,4]. The main 
issues concern realization of a minimal comb-teeth 
overlap with small separation and design of an out-
of-plane suspension not sensitive to electrostatic 
side pull-in.  
 Fig 3 shows a conceptual 3D scheme of 
the vertical combdrive. Torsion suspension in 
combination with a long arm (R) is chosen to 
closely approximate vertical displacement, since 
vertical straight-guidance in MEMS is complex. The 
trajectory described by the rotor extremity is a 
circular segment, but for large R [m] approaches a 
straight line. A voltage u [V] applied over the stator 
and rotor teeth causes a force F [N] to pull the rotor 
section down. Via the arm with length R the force 
results in a moment M [Nm] working on the torsion-
beam. A lateral force at the rotor will result in a 
moment of magnitude Flat*R at the suspension. So 
to maximize side pull-in voltage, the lateral stiffness 
of the torsion suspension should be maximized.  
 Fig 4 bottom shows torsion-beams 
composed of two beams, together having a cross-
section reminding of a capital “L”. There is a gap 
between the beams necessary for processing 
reasons. Rectangular cross-section torsion beams 
(often used in scanning mirrors [4]) result in poor 
lateral stiffness, increasing chance of side pull-in. 
As shown in Fig 4, the composed L-shaped torsion-
beam does not suffer from this. It constrains five 
DOF and is compliant for torsion about its length-
axis (Rx). In comparison, a rectangular beam is not 
only compliant in Rx, but also in y and Rz (under-
constrained as torsion-beam), resulting in small 
lateral stiffness. The formulae for lateral stiffness 
follow from the deflection profile of the beams.  
 Fig 5 shows a schematic top-view of the 
comb-shuttle suspended by torsion-beams. The 
beams are deflected by a moment (M0 [Nm]), 
caused by a lateral force (Flat [N]) at the comb-
teeth. The lateral beam stiffness (Clat [N/m]) 
working at the position of the comb teeth (where 
y 
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Fig. 5. Comb shuttle suspended by torsion-beams 
deflected by a moment M0 caused by a lateral force Flat.  
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Fig. 4. The unconstrained DOFs for a rectangular beam 
(Rx,y,Rz) and a L-shaped beam (Rx). All six DOFs are 
shown in a reference frame next to the beams.
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Fig. 3. Conceptual 3D scheme of the vertical 
combdrive suspended by L-shaped torsion beams. 
Flat acts on), can be obtained from standard beam 
deflection relations between f(Fa,Ma) and M(Fa,Ma) 
for small deformations. 
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Where Iz [m4] is the moment of inertia around the z-
axis, and E [Pa] is the Youngs modulus. The above 
results in the following expression for Clat: 
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In general this shows that a large value for the 
width of the shuttle (twice l2 [m]) is beneficial. To 
show an L-shaped torsion-beam performs much 
better than a torsion-beam with rectangular cross-
section, the lateral and torsion stiffness are 
compared. First the expressions for the moment of 
inertia Iz for both cross sections are needed: 
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The ratio of these two expressions will give the 
ratio of the lateral stiffness (Clat,L/Clat,rect).  With a=4, 
b=40, c=13, d=5 and g=6 ȝm, this ratio is about 50. 
Clearly, for lateral stiffness the L-shaped torsion 
beam is much better and can be improved by 
increasing c, but the current fabrication method 
limits this dimension. The following shows that the 
torsion stiffness is not much different for the two 
beams. For the rectangular beam the torsion 
stiffness is:  
3
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The torsion stiffness for the L-beam is 
approximately composed of both torsion stiffness 
values of beams 1 and 2 (see Fig 4) and the 
bending stiffness of the individual beams 1 and 2 
transformed to torsion stiffness.  
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With l1 = 200 ȝm and the other values from above 
this results in a torsion stiffness ratio (KL/Krect) of 
about 1.7. So the combdrive has to supply at least 
1.7 times more force. However, a larger driving 
voltage is allowed before side pull-in occurs. 
PROCESS 
The required process for the vertical combdrive 
including L-torsion beam should facilitate various 
beam heights for combdrive rotor teeth and torsion 
beams, but also beams anchored to the bulk for 
stator teeth.  Furthermore, the process should be 
compatible with the dry release process [3] which is 
used for the horizontal combdrives including 
electrical isolation trenches refilled with a dielectric.  
 Fig 6 shows a top view and cross-section 
along A-A’ of the necessary structures. For two 
different beam heights, locally some beams are 
reduced in height; indicated by dashed frames in 
the vertical comb structure and the L-torsion beam. 
To keep some beams fixed to the bulk, while others 
are undercut, protection for the beam-walls is 
needed; indicated by shaded bars in the vertical 
comb structure. Furthermore, trenches for electrical 
isolation and mechanical joining, refilled with 
Silicon Rich Nitride (SiRN) are required in some 
beams.  
 Fig 7 shows a condensed process flow. 
Electrical isolation trenches (first mask) for refill 
with SiRN are etched in a P++ <100> Si wafer by 
Bosch etching (>40 ȝm deep). LPCVD SiRN is 
applied to completely refill the trenches. Afterwards 
LPCVD TEOS is grown for protection of the SiRN 
(steps up to 7a). The second mask for the 
“negative” print of the device structures, including 
structures for complete oxidation, is etched in the 
TEOS and SiRN by RIE (steps up to 7b). The 
oxidation forms oxide blocks, which will be etched 
in the last step and are used to tailor the beam 
height for stator teeth and L-shaped torsion beams. 
Etching different depths can also be accomplished 
with a buried mask, but with a smallest lithography 
features size limited to 2 ȝm and a desired comb 
teeth spacing 2 ȝm that solution is not robust, 
especially with respect to alignment. Alignment is 
automatic when both device structures and 
Fig. 6. Top view and cross-section along A-A of essential vertical combdrive structures 
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trenches for oxidation are in one mask. The third, 
non-critical mask covers the device structures with 
photoresist, while the part of the second mask for 
the oxide blocks remains unprotected. By Bosch 
etching the trenches for the oxide blocks are 
etched to a depth of 35 ȝm (steps up to 7c). Resist 
and TEOS are stripped, and the silicon is thermally 
oxidized (wet oxidation 1150 oC) until the trench 
walls are completely turned into oxide (about 2 ȝm 
thick) [5]. Now the oxide blocks have formed (see 
Fig. 8a for a cross-section) and by the oxidation 
also the “positive” device mask is obtained, self-
aligned with the oxide blocks. The oxidation partly 
progresses under the SiRN which is referred to as 
a bird’s beak, a feature of the local oxidation of 
silicon (LOCOS) (see Fig. 8b zoomed image). The 
final step of Fig 7d is etching of the SiRN by H3PO4 
(selectivity of 4-10 with respect to SiO2). By a 
special Bosch recipe to reduce RIElag (lower etch 
rate in narrow trenches with respect to wide ones) 
the device structures are etched up to 40 ȝm deep. 
A wet thermal oxidation at 900 oC follows, to 
oxidize 300 nm of the walls (see Fig. 8b for a cross-
section of the trench). This thickens the oxide mask 
right under the tip of the bird’s beak. In the next 
step LPCVD poly Si is deposited thick enough to fill 
the 2 ȝm narrow trenches. These are the trenches 
serving as gaps for the vertical combdrive. Since 
these trenches are completely filled and the wider 
structures are not, the walls of the stator teeth will 
be protected during isotropic under etching later in 
the process (progress up to 7e).  In the wider 
structures, the poly Si on the bottom is etched by 
RIE (also removing the top layer but not removing 
the poly Si in the narrow trenches!). Now the 300 
nm thin oxide is exposed and will be etched by RIE, 
exposing the bulk Si at the bottom of the structures. 
At this point the dry isotropic Si etching starts, also 
clearing the remainder of the poly Si. During this 
step, all beams will be undercut except for the 
protected stator teeth. In the final step the 
remaining oxide is etched in hydrofluoric acid (final 
result showing two rotor teeth, one stator tooth and 
one isolation trench in 7f). 
CONCLUSION 
A two level, parallel kinematic concept for six DOF 
sample positioning in a TEM is proposed. The 
transformation matrixes of actuator strokes to the 
position of each frame are derived. For vertical 
combdrive suspension, an L-shaped torsion beam 
is designed, that improves lateral stiffness of the 
combdrive with a factor 50 compared to a beam 
with rectangular cross-section. The increased 
stiffness for torsion is a factor 1.7, which is 
acceptable since a larger voltage can be applied 
before side pull-in occurs. A process flow 
compatible with the dry release process is 
discussed for realization of a vertical comb teeth 
structure and L-shaped torsion beams. Self-
alignment is accomplished with a mask combining 
deep oxidation structures with LOCOS patterning. 
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